Profilin interacts with the barbed ends of actin filaments and in vivo is thought to facilitate actin polymerization. This conclusion is based primarily on in vitro kinetic experiments utilizing relatively low concentrations of profilin (1-5 µM). However the cell contains actin regulatory proteins with multiple profilin binding sites that potentially can attract millimolar concentrations of profilin to areas requiring rapid actin filament turnover. We have studied the effects of higher concentrations of profilin (10-100 µM) on actin monomer kinetics at the barbed end. Prior work indicated that profilin might augment actin filament depolymerization in this range of profilin concentration. At barbed-end saturating concentrations (final concentration ~40 µM), profilin accelerated the off-rate of actin monomers by a factor of four to six. Comparable concentrations of latrunculin had no detectable effect on the depolymerization rate indicating that profilin-mediated acceleration was independent of monomer sequestration. Furthermore we have found that high concentrations of profilin can successfully compete with CapG for the barbed-end and uncap actin filaments, and these effects could be explained by a simple equilibrium model of competitive binding. In contrast, neither gelsolin nor CapZ could be dissociated from actin filaments under the same conditions. These differences in the ability of profilin to dissociate capping proteins may explain earlier in vivo data showing selective depolymerization of actin filaments after microinjection of profilin. The finding that profilin can uncap actin filaments was not previously appreciated and this newly discovered function may have important implications for filament elongation as well as depolymerization.
INTRODUCTION
Profilin is a multifunctional actin regulatory protein that binds actin monomers with a 1:1 stoichiometry. Profilin-actin complexes fail to form nuclei and in the absence of preformed actin filaments will not assemble into actin filaments. However, profilin-actin complexes can readily add to free barbed ends of actin filaments at rates similar to free actin monomers (1) . For this reason, profilin is widely regarded as a protein that promotes actin filament assembly (1) (2) (3) (4) (5) (6) (7) . The in vivo effects of profilin on the actin filament cytoskeleton, however, have proved enigmatic and are not readily explained by the known functions of profilin. Genetic experiments in which both profilin isoforms in Dictyostelium were deleted result in an increase in F-actin by about 70% (8) .
Microinjection of profilin in Swiss 3T3 cells causes extensive depletion of filamentous actin, but cortical F-actin is selectively preserved (9) . Similarly microinjection of profilin into normal rat kidney cells induces actin filament disassembly, selectively sparing actin in the cortex and contractile ring. While monomer sequestration by profilin could be responsible for depletion of Factin, the pattern of loss of actin contrasted with the non-specific depletion of filaments observed when other monomer sequestering agents, DNase I and vitamin D binding protein, were employed (10) , implying that monomer sequestration was not entirely responsible for these in vivo observations. Others have shown similar differential effects on actin filament populations, with reduced density of parallel actin bundles in CHO cells overexpressing profilin (11) .
Another unique characteristic of profilin is its ability to bind to poly-L-proline. A number of actin regulatory proteins contain profilin binding sequences of the type XPPPPP (X = G, A, P, S) (12) actin filament turnover and are capable of attracting concentrations of total profilin in the mM range (13) . While the relationship between free and total profilin in vivo has not been determined, there are data that suggest that the cellular content of polymerization competent profilin-actin complex is limited (14, 15) , raising the possibility that high concentrations of actin-free profilin are attainable locally. Previous in vitro studies examining the effects of profilin on actin filament kinetics have utilized profilin concentrations in the range of 0.5-5 µM. Cognizant of the ability of cells to locally generate much higher concentrations of profilin, we have examined the effects of profilin concentrations an order of magnitude higher (10-100 µM, final concentrations) than previously studied. Using an experimental design that simplifies kinetic analysis, we have found that profilin accelerates the off-rate of the barbed end in a concentration dependent fashion. Secondly we have discovered that high concentrations of profilin can competitively dissociate the barbed-end capping protein, CapG. These findings add two hitherto unappreciated functions for profilin that may help to account for the multiple and complex in vivo changes in actin filament concentration and morphology attributed to raising and lowering cell profilin content. produced as recombinant proteins as previously described (13, 17) . CapZ was purified from rabbit skeletal muscle to greater than 80% purity as assessed by SDS-PAGE using the method of Casella et al. (18) , and because its concentration is imprecisely known, the stated concentrations are approximate, but all the data displayed here come from a single preparation, so relative concentrations are precise.
EXPERIMENTAL PROCEDURES

Materials-Rabbit
Depolymerization Assays-In samples that did not employ a calcium sensitive capping protein (CapG or gelsolin), a 10 µM stock of actin (10 % pyrenyl-labeled) was converted to Mg 2+ -actin by the addition of 125 µM EGTA and 50 µM MgCl 2 . After 10 m, MgCl 2 and KCl were added to final concentrations of 2.0 mM and 40 mM, and the actin was given 60 m to polymerize to make an Factin stock solution. The procedure was identical for samples containing calcium sensitive capping proteins except that the actin was not converted to Mg 2+ -actin prior to polymerization.
Depolymerization rates were measured after 33 to 100-fold dilution of the F-actin stock solution into identical buffer containing the stated amounts of capping proteins with or without latrunculin A. The initial fraction of G-actin in these samples is ~1% (19) . In some experiments, capping proteins were added at the time of preparation of the F-actin stock, and the results of these assays were compared with the addition of capping protein at the time of dilution. In both types of Global fitting of depolymerization data-The fitting procedure is an approximation based on several assumptions. Equations similar to those previously used to describe the interaction of profilin with both G-and F-actin (2) can be written for any other barbed-end capping protein: Other assumptions can be related to these equations. We assume that the dissociation rate from the filament pointed end, k p-, is negligible where the sum of the barbed (k b-) and pointed end 
This result is substituted into the rate equation: Profilin binds less tightly to pyrenyl-labeled actin monomers than to unlabeled monomers (21), creating a potential complicating factor in the interpretation of depolymerization data that are based on the direct measurement of the off-rate of pyrenyl-labeled subunits from F-actin. However, unlike a polymerization assay done in the presence of profilin, the effect of pyrenyl-labeling of actin on the depolymerization assay is easily predicted. Assuming that the K d 's for pyrenyl and unlabeled actins are different, but that pyrenyl-actin randomly copolymerizes with unlabeled actin (22) , then pyrenyl actin subunits can only dissociate when unlabeled subunits are also dissociating. In the worse case scenario, pyrenyl-actin subunits at the barbed end might not bind profilin, and would Page 10 therefore dissociate at the normal, uncapped rate (k -from Equation 1). In that case, 9 of every 10 subunits from a 10% pyrenyl-labeled filament would be dissociating at the rate of unlabeled subunits and the difference between observed dissociation rates in the presence and absence of profilin would still be 90% of what it would be if profilin bound identically to pyrenyl-labeled and unlabeled subunits. Thus, the effect of pyrenyl-labeling should be small. An increase to 50%
RESULTS
Profilin accelerates the rate of F-actin depolymerization-
pyrenyl-labeled actin in the depolymerization assay yielded similar results as those displayed in Fig.   1 , suggesting that the magnitude of any artifact introduced by a difference in affinity is small (data not shown). Additionally, consistent with the pyrene fluorescence data, experiments using light scattering (with detection at 350 nm at a right angle to the incident light) also showed acceleration of depolymerization by profilin (data not shown).
Profilin prevents CapG from blocking the depolymerization of F-actin, and the data are qualitatively compatible with a competitive binding model-CapG prevents actin depolymerization
as reported (23) , but addition of sufficient profilin can reverse this effect (Fig. 2) . Addition of latrunculin A shows that this result is not related to monomer sequestration. At 40 µM profilin, depolymerization data with or without CapG are superimposable. The observation that the depolymerization rates with or without CapG converge at saturating concentrations of profilin ( Fig. 3) is consistent with competitive binding between CapG and profilin for the barbed end of actin filaments. Alternatively, these data are also consistent with the hypothesis that profilin and CapG form a hetero-complex at the barbed end that has the same dissociation rate constant as profilin alone bound at the same end. As depicted in Figs 2 and 3, the dissociation rate constant k e-≅ 4 W k -.
We attribute the differences between this result and that of Profilin has no effect on the depolymerization of filaments capped in advance by CapZ or gelsolin, but has similar time-dependent effects on the capping activity of these proteins-In contrast to the results with CapG, profilin has no effect on the depolymerization of filaments capped by gelsolin, even at substantially higher concentrations of profilin (Fig. 4A) , and even though CapG and gelsolin are members of the same family of proteins that presumably cap filaments by similar mechanisms (24) . The depolymerization rate for the control curve in Fig. 4A is relatively constant, a result that does not coincide with theoretical predictions of filament length that imply that all filament lengths should be equally represented at steady-state in the presence of gelsolin (25) .
Rather, these data are most simply interpreted as uniform depolymerization of filaments of similar length, and there are data in the literature that support this interpretation for low ratios of actin to gelsolin (e.g.64:1) (26). In this case, competition by profilin would be expected to result in an increase in the rate of depolymerization as a function of time. This is not observed even at highest final concentration of profilin (98 µM).
From these data, it is not possible to conclusively determine if fundamentally different mechanisms explain the experimental differences between CapG and gelsolin. The off-rate of gelsolin is slow, with ½ time for release reportedly in the range of 7W 10 3 s (27), although our own data suggests that it is somewhat faster. Since profilin has no chance to compete with pre-existing capped ends until the capping protein releases from the filament, competition under these circumstances becomes experimentally undetectable except with prolonged observation. While the duration of the observations in Fig. 4A If CapZ, an ubiquitous heterodimeric, barbed-end capping protein, was allowed to reach a steady-state interaction with actin filaments prior to depolymerization, then similar to the results with gelsolin, profilin was unable to augment the depolymerization rate (Fig. 4B) . The dissociation rate of CapZ from barbed ends is reportedly 4W 10 -4 s -1 (29, 30) or half-time of ~2W 10 3 s, and therefore, as for gelsolin, the data shown in Fig. 4B should be sufficient to detect competitive binding by profilin if it was present. In other samples, depolymerization rates of filaments capped by CapZ plus and minus profilin were collected for up to 3W 10 3 s and these data did not reveal evidence that saturating amounts of profilin cause the rate of depolymerization to increase as a function of time.
The results of depolymerization assays were dependent on when filaments were capped by gelsolin or by CapZ (Figs. 4B and 4C) . In contrast to the results when capping protein was allowed to pre-equilibrate with F-actin, if the capping protein was mixed with F-actin at the time of initiation of depolymerization, then profilin did alter the depolymerization rate. In this case, a short time interval with rapid depolymerization was followed by a return to the same slow rate observed in the absence of profilin. For both gelsolin and CapZ, higher ratios of capping protein to actin lessen the duration and rate of rapid depolymerization. The simplest explanation for these results is that profilin depolymerizes actin during the initial period of time before CapZ is bound, but after this initial period, profilin cannot affect depolymerization kinetics. Results in Fig. 4C show that gelsolin and CapZ have similar effects when added to F-actin at the same time as profilin. Difference curves for the depolymerization rates obtained in the presence and absence of profilin are superimposable for gelsolin and CapZ. The actual depolymerization curves for gelsolin and CapZ differ only because the gelsolin curves have steeper slope after ~100 s due to the combined severing and capping activity of gelsolin, resulting in more pointed ends from which subunits can dissociate (27) .
Steady-state data and a global fit to the depolymerization data are consistent with competitive binding of profilin and CapG for the barbed ends of filaments-
The steady-state data are representative of 3 independent assays completed with three different actin preparations (Fig. 5) . In Experiments with such high concentrations of profilin, however, are problematic because profilin sequesters significant concentrations of monomeric actin under these conditions. Initial attempts at assembly and disassembly experiments using spectrin-4.1 nucleated filaments to limit monomer exchange to free, barbed filament ends resulted in rapid destabilization of the spectrin-4.1 nuclei at these high profilin concentrations (10-0
Our results show that the actin subunit off-rate in the presence of saturating concentrations of profilin is four to six times that observed in the absence of profilin. This corresponds to the measured ratio of dissociation rate constants for profilin-actin to that for actin alone. This result was first predicted by Pring et al., but could not be confirmed using Acanthamoeba actin (2). We speculated at that time that the reason it could not be confirmed was that the terminal nucleotide on the barbed end of F-actin was different during depolymerization and elongation. However, Teuber and Wegner later suggested that the terminal nucleotide exchanges at a rate of 20 s -1 (37), a rate that is significantly higher than the subunit dissociation rate in either the presence or absence of profilin,
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and the barbed-end terminal subunit would therefore be expected to be ATP under both elongation and depolymerization conditions. In retrospect, the explanation for the failure to detect enhanced depolymerization was either that the profilin concentration was not sufficiently high or that the observation is not valid for Acanthamoeba proteins. The first experimental data confirming that profilin can increase depolymerization rates was provided by Kinosian et al. for non-muscle actin (6) . Under conditions in which free profilin is assumed to cap the barbed end of filaments, the dissociation rate of profilin-actin from the barbed end has been indirectly calculated at 5.5 to 550
times the dissociation rate of actin from uncapped filaments (2, 4, 6).
Very likely, the in vivo function of profilin is complex, and profilin may have activities that augment barbed end filament dynamics during both filament assembly and disassembly. The observation that a reduction in profilin suppresses the phenotype of capping protein mutants in Drospophila (7) can be interpreted as promotion of actin polymerization by profilin. However, in a more general sense, if profilin promotes filament dynamics at free barbed filament ends, then the absence of profilin may simply dampen the effects of the loss of regulated capping activity, thereby lessening the severity of the phenotype. region of gelsolin, differ from profilin, however, both profilin and gelsolin segment 1 cannot occupy these binding sites simultaneously without some overlap of the ligands (38,39). The steric effect of intact gelsolin or CapG can only be greater relative to that of segment 1. Alternatively, profilin has notable allosteric effects on actin structure that could affect binding by gelsolin and CapG (19) .
More complicated alternatives to competitive binding could be postulated. However, the simple formation of a ternary complex of profilin, CapG and actin at the barbed end is unlikely. Such a ternary complex would be expected to exhibit similar behavior when profilin adds to CapG-actin filaments and when CapG adds to profilin-actin filaments, but this is not the case as demonstrated in 
